ABSTRACT This paper presents an adaptive neural network dynamic surface control law with time-varying sideslip compensation, which includes a geometric kinematic control design and a dynamic control design, for path following of underactuated marine surface vessels (MSVs) in the presence of unmeasured states, model uncertainties, unknown ocean environmental disturbances, and input saturation. First, a high gain observer based line-of-sight guidance law, capable of estimating and compensating the time-varying sideslip angle induced by the unknown time-varying ocean disturbances, is proposed to generate the desired heading for the dynamic control system of the MSV. Next, considering the input saturation, adaptive neural network dynamic surface velocity control laws, in which the model uncertainties and unknown ocean environmental disturbances of the system are compensated by adaptive radial basis function neural network and the problem of input saturation is solved by introducing auxiliary dynamic systems, are designed to realize the dynamic control target of the path following. The proposed control strategy of path following compensates the ocean environmental disturbances from the perspective of both the geometric kinematics and the dynamics, and all error signals of a closed-loop control system are proven to be uniformly ultimately bounded. The simulations validate the effectiveness of the proposed control strategy for path following of MSVs.
I. INTRODUCTION
Path following control technology, which plays a crucial role in many applications of marine surface vessels (MSVs), is intended for maneuvering of a MSV in the horizontal-plane to follow a predefined parameterized curve at a certain speed without time constraints. The design of path following control strategy has attracted a lot of attentions from the control community [1] - [21] . One challenge of path following is that MSVs rely heavily on the guidance systems to accomplish the desired motion control scenarios in the presence of the external ocean disturbances (wind, waves and ocean currents, etc.). The other challenge is that the traditional MSVs are usually only equipped with rudder and propeller, while there
The associate editor coordinating the review of this manuscript and approving it for publication was Min Wang. are three degrees-of-freedom motions (surge, sway, yaw) needed to be controlled from the perspective of maneuvering, which leads to a classical underactuated control problem of nonlinear system.
For the guidance problem of path following, a popular and effective guidance law to achieve convergence to the desired path is a look-ahead line-of-sight (LOS) guidance law mimicking an experienced sailor [1] , [2] . The LOS guidance law exploits the geometry of the problem and generates the desired heading angle for the yaw rate control subsystem, which is widely used in marine surface vessels and underwater unmanned vehicles [3] , [4] . However, despite the effectiveness and simplicity of the classical LOS guidance laws, they have limitations when the vessels are exposed to unknown drift force caused by ocean disturbances. Using classical LOS guidance will exhibit large cross-track error during path following in transient state and also in steady state. To converge to the desired path in the presence of the unknown drift forces, some efforts have been made by [5] - [8] . A modified LOS guidance law with integral action (ILOS) for counteracting environmental disturbances was originally proposed in [5] and was applied to experiments and tuning of an under-actuated unmanned semi-submersible vehicle for path following of straight lines in [6] , which guarantees global asymptotic path following of straight-line paths in the presence of constant and irrotational ocean currents. A nonlinear adaptive LOS (ALOS) guidance law that compensates for drift forces through vehicle sideslip was first proposed in [7] , where the sideslip angle is treated as an unknown constant and small parameter to be estimated. Both direct and indirect adaptive ILOS path-following controllers for marine craft exposed to ocean currents were presented in paper [8] , where the superiority of indirect estimation compensation method is illustrated. Actually, the ALOS proposed by T.I. Fossen can be recognized as a special kind of ILOS, and either ILOS or ALOS can only estimate and compensate the constant sideslip angle induced by constant ocean disturbances. However, in the engineering practice, the sideslip angle is time-varying when the MSV is exposed to the unknown time-varying ocean environmental disturbances and model uncertainties.
In addition to the guidance problem, it is of great importance to implement controllers that control the underactuated MSV to track the desired heading and velocity for the path following. Numerous studies have been made to deal with control problem of the underctuated MSVs path following, and various control methods have been adopted ranging from state feedback control [9] , the nonlinear robust adaptive control [10] , the backstepping control [4] , the sliding mode control [11] , the model predictive control [12] to the dynamic surface control (DSC) [13] , [14] . The backstepping control technology is widely used in ship motion control because of its convenience and combination with various control methods, but a major drawback in the traditional backstepping method is the problem of complexity explosion caused by the repeated differentiations of the virtual control laws. Fortunately, this can be avoided by using the DSC technique with the introduction of first-order filter the synthetic input. A velocity controller was designed by combining the DSC design and a predictor based iterative neural network control method in [13] . In [14] , a neural network based dynamic surface control method was proposed for path following of underactuated MSVs. It is noteworthy that most of the design methods above are based on the full states measurements. However, in many practical engineering problems, it is impossible to detect all state variables for the technical or economic reasons. For underactuated MSVs, the unavailable velocities need to be calculated from the measurements of positions and the heading of the MSV through a state observer. By designing an observer that estimates the sway and yaw velocities from the MSV's position and orientation measurements, the output feedback has been introduced to replace the state feedback control in [9] and [21] , and paper [15] and [16] employ a high-gain observer to estimate unmeasured states and the estimated states are fed back to the nonlinear control system, which was applied to design the controller for the underacuated MSVs in [17] . Reference [35] tackled the output feedback problem for ocean vessels by utilizing high-gain observers. A nonlinear saturated observer was also introduced to estimate velocities of the followers in [36] . Output feedback control for dynamic positioning system of a ship based on a high gain observer was designed in [37] . Furthermore, a common assumption in the aforementioned literatures around controlling underactuated MSVs is that the model uncertainties are assumed to be known, which is not accordance with the marine control engineering existing both the parametric uncertainties and unknown hydrodynamic terms. To cope with the nonlinear model uncertainties in nonlinear dynamics function, the neural network was applied to estimate unknown function due to the strong approximation capacity of neural network in [22] and [25] . In path following control the neural network is used to approximate the model uncertainties and unknown ocean disturbances by some researches. For instance, the adaptive radial basis function neural network (RBF NN) and a multi-layer neural network were applied to against model uncertainties and environmental disturbances induced by waves and ocean currents in [18] and [19] and respectively. In addition, the input saturation is ignored to simplify the controller design in most of above references, while the input is restricted by a nonlinear saturation function for any physical system in practice. In the path following of MSVs, the input saturation is considered to solve the practical restriction of the actuators. An auxiliary design system was employed to design the path following controllers for MSV with uncertainties and input saturation in [20] . A robust control design using the neural network and dynamic surface control method was proposed for path following of underactuated MSVs with input saturation in paper [14] . However, these control methods only control MSVs in the presence of model uncertainties and unknown ocean disturbances from the perspective of dynamics. The MSVs also rely heavily on the guidance systems to accomplish the desired path following in the presence of the external ocean disturbances.
Motivated by the above mentioned observations, we propose an adaptive radial basis function neural network dynamic surface control strategy with time-varying sideslip compensation guidance law for path following of MSVs in the presence of unmeasured states, model uncertainties, unknown ocean environmental disturbances and input saturation. The main contributions of this paper can be summarized as follows.
(1) A high-gain observer based LOS (HGO-LOS) guidance law with time-varying sideslip compensation is first proposed by introducing a high gain observer for the path following of MSV in the presence of uncertainties model and unknown time-varying ocean environmental disturbances.
The proposed HGO-LOS can estimate and compensate the time-varying sideslip, which is cannot be handled by the ILOS guidance, through indirectly estimating the sideslip angle by estimating the velocities instead of directly the sideslip angle value.
(2) Considering the input saturation, adaptive neural network dynamic surface controllers based on high-gain observer are developed to control the yaw rate and the surge velocity for path following of MSVs exposed to model uncertainties and ocean environmental disturbances that are compensated by the RBF NN.
(3) The proposed control strategy compensates for the ocean environmental disturbances from two aspects. one is the HGO-LOS guidance law compensates the drift force from the perspective of geometric kinematics, the other is the adaptive RBF NN dynamic surface controller compensates the model uncertainties and ocean environmental disturbances from the perspective of dynamic control.
The rest of this paper is organized as follows. The preliminaries and problem formulation are given in Section II. The Section III presents the proposed path following strategy including the high-gain observer based LOS guidance law design and adaptive RBF neural network dynamic surface velocity control laws design. Section IV analyzes the stability of the proposed closed-loop control system for path following of MSVs. Simulation study results are shown and analyzed in Section V to demonstrate the effectiveness of the proposed control strategy followed by simple conclusions in Section VI.
II. PRELIMINARIES AND PROBLEM FORMULATION

A. PRELIMINARIES 1) NOTATIONS AND DEFINITIONS
The following notations are used though this paper. |·| denotes the absolute of a scalar, · represents the Euclidean norm of a vector, R n represents the n-dimensional Euclidean space, atan2 (·, ·) is the arc tangent function defined in the four quadrants. × R m → R n is piecewise continuous function, is said to be input-to-state stable if there exist class KL function δ and class K function ρ such that for any initial state x (t 0 ) and any bounded input u p , the solution x (t) holds that
2) NONLINEAR FUNCTION APPROXIMATION
Nonlinear function approximation methods include the adaptive fuzzy systems [27] - [29] and the neural networks systems [13] , [18] , [30] in control engineering. In this paper, an adaptive RBF neural network is introduced to approximate the unknown polynomial induced by the unknown dynamic model uncertainties and the unknown time-varying ocean disturbances. For any given mapping f : R m → R can be approximated by
where x represents the input vector with x ∈ x ∈ R m , ε is the approximation error with the assumption |ε| ≤ ε * ,
T ∈ R l is the optimal connecting weight of the hidden unit to output layer defined as
and
T is the response basis functions of hidden units to the network input x can be expressed as
where
∈ R m is the center vector for the hidden unit and σ i ∈ R is the width for the Gaussian function, and m, l are the dimension of input state x and the node number of hidden neurons in the RBF NN, respectively.
3) HIGH GAIN OBSERVER
Since the positions and heading angle are available measurement for most marine vehicles, but the velocities are unavailable for technical or economic reasons. In this paper, the high gain observer is used to estimate the unmeasurable velocities to implement the LOS guidance law and the output feedback control for the path following of the USVs. The lemma about the high gain observer in [31] is given as follow.
Lemma 1: Suppose the function y(t) and its first m − 1 derivatives are bounded such that
for the positive constants Y * i . Consider the linear system as follows
where the is any small positive constant, and the parameters 
and the constants B i are the decreasing functions of the Y * i . Remark 1: The Lemma 1 indicates that the high gain observer (4) can guarantee 1 i ξ i+1 converges to y (i) with the bounded error B i+1 if the function y(t) and its i-th derivative is bounded. Moreover, the observer can estimate the unavailable derivatives of the function y(t) only rely on the output function y(t) of nonlinear system independent of the unavailable derivative state variables. In many practical applications, the measurements of derivative state variables are unavailable due to the technical or economic reasons. Therefore, the gain high observer with above advantages is attractive in the output feedback control design for a nonlinear systems with only output being available measurement.
B. PROBLEM FORMULATION
The nonlinear mathematical model for a three degrees-offreedom motion (surge, sway, yaw) of MSV can be represented as [10] 
where (x, y, ψ) represents the positions and heading angle of the MSV in the north-east-down (NED) coordinate system, (u, v, r) denotes the linear velocities (surge and sway) and the angular rate (yaw) in the body-fixed (BF) reference frame. The positive constant terms d ui , d vi and d ri are the ship inertia including added mass, and the positive constant terms m jj (j = 1, 2, 3) represent the hydrodynamic damping in surge, sway and yaw. The time-varying terms τ wu (t), τ wv (t) and τ wr (t) represent the unknown environmental disturbances induced by wind, waves and ocean currents. Finally, the surge force τ u and the yaw moment τ r are the available controls to be designed. It is obvious that the MSV is underactuated with two independent actuators (propeller and rudder) but three degrees of freedom motion. Considering that the control force and moment are limited to saturation nonlinearities in practice, then we have
where x ∈ {u, r}, τ x max and τ x min are the maximum and minimum control force or moment that the MSV's propulsion system can provide.
The control objective of this paper is to design nonlinear adaptive path following control laws, which consists of the LOS guidance law with time-varying sideslip angle compensation, the yaw control moment law and the surge control force law, to force the MSV with the dynamics (6) and (7) to follow a predefined parameterized curve path (see Fig.1 ) without time constraints in the presence of unmeasured states, model uncertainties, unknown ocean environmental disturbances and input saturation, guaranteeing all error signals in the closed-loop control system are uniformly ultimately bounded.
FIGURE 1. The geometrical illustration of LOS guidance for a MSV.
To facilitate controller design, the following assumptions are made in this paper.
Assumption 1: The positions and heading angle of MSVs are available measurement, but the velocities of MSVs are unavailable for the feedback.
Remark 2: For most marine vessels, the positions and heading angle are available measurement, but the velocities are not available because of the high cost. Hence, the Assumption 1 is reasonable and practical.
Assumption 2: The environmental disturbance timevarying terms τ wu (t), τ wv (t) and τ wr (t) are bounded such that |τ wu (t)| ≤ τ * wu < ∞, |τ wv (t)| ≤ τ * wv < ∞ and |τ wr (t)| ≤ τ * wr < ∞.
III. NONLINEAR ADAPTIVE CONTROLLERS DESIGN FOR PATH FOLLOWING OF MSVs
In order to achieve the path following goal of the underactuated MSVs in fields of marine practice, a novel LOS guidance law is presented based on high gain observer in Section A, and then adaptive RBF neural network dynamic control laws, which includes yaw rate control law design and surge velocity control law design, are developed for the underactuated MSVs with model (6) and (7) under the Assumption 1 and Assumption 2 in Section B.
A. HGO-LOS GUIDANCE
In this subsection, a high gain observer based LOS guidance law with time-varying sideslip angle compensation is developed to generate the expected heading angle for the path following of the MSV. First, a high gain observer is designed VOLUME 7, 2019 to estimate the unavailable velocities of the MSV, then a high gain observer based LOS guidance law is proposed, and the stability of the proposed HGO-LOS guidance law is proven by the input state stability theories.
1) HIGH-GAIN OBSERVER FOR MSVS
In order to achieve LOS guidance with time-varying sideslip angle compensation and feedback control law design, the unavailable velocities must be calculated from the measurements of positions and the heading angle of the MSV through a state observer. In this paper, a high gain observer is employed to estimate the unavailable velocities of the MSV from the output η of system for the preparation of the guidance law and the controller design. To design a high gain observer the rewrite the kinematics equation (6) as a vector formη
Then, according to the Assumption 1 and the Lemma 1, the high gain observer for path following system of a MSV is constructed as follows
where ξ 1 , ξ 2 ∈ R 3 present the states vector of the high gain observer and is any small positive constant. Then the estimation dynamicη (t) of the position vector η (t) can be expressed as
It follows from (9) and (11) that the estimated valueυ (t) of the velocity vector υ (t) can be obtained as
Theorem 1: By the Assumption 1 and choosing adjustable small parameters and positive constantb 1 such that the polynomial s 2 +b 1 s is Hurwitz, the estimation error of velocity vector of the observer constructed by (10) , (11) and (12) for the MSV is bounded.
Proof: Denote the estimation errors
It follows the Lemma 1, (11) and (12) that
where b 1 ∼ b 3 are some constants and B 1 and B 2 are the positive constants. It is obviously known that both the positions estimation error and the velocities estimation error are bounded from (15) and (16) . Thus, the Theorem 1 has been proven.
2) HGO-LOS GUIDANCE LAW FOR PATH FOLLOWING OF MSVS
A popular and effective guidance law for the path following problem to achieve convergence to the desired path is a lookahead line-of-sight (LOS) guidance law and a geometrical illustration of LOS guidance for the MSV is shown in Fig.1 .
The kinematics model of positions from (9) is rewritten as:
To arrive at the Serret-Frenet (SF) frame, the NED frame is needed to be rotated an angle
where x p (ϑ) = ∂x p ∂ϑ, y p (ϑ) = ∂y p ∂ϑ, parameter ϑ is the independent path continuous scalar variable, and for any given ϑ the path can be parameterized as (
For a MSV located at (x, y) and the reference position
, the along-track error and cross-track error (x e , y e ) between (x, y) and
Differentiating (19) along (17) , the tracking error dynamic model of LOS path following are given by
where u x is the speed of virtual reference point expressed by
which is considered as an input to stabilize the along-track error x e . Since the path tangential angle γ p (ϑ) is known and the cross-track error is measured from Assumption 1, we choose the desired heading angle as
whereβ (t) is the estimation of the unknown time-varying sideslip angle β (t) between the resultant velocity and the heading of the MSV, and is the time-varying look-ahead distance as [32] 
where min and max are the minimum and maximum allowed values for respectively along with the convergence rate γ > 0. Define the velocities estimation errors and the heading angle tracking error as
To stabilize the along-track error, the virtual input u x is selected as (26) then it follows from (21) that the path parameter update law is got aṡ
where κ 1 is a constant gain parameter in the LOS guidance law.
Substituting (26) into (20), the along-track error state dynamic x e becomeṡ
and χ * 1 is a constant positive, this is known by the Theorem 1.
By the definitions (24) and (25), the cross-track error state dynamic y e is obtained aṡ
Define the available 1 and 2 as follows and by guidance law (22), we have
whereÛ = √û 2 +v 2 . Then the cross-track error state dynamic (29) can be rewritten aṡ
which can be rewritten aṡ
As a result, the path following error dynamic in terms of x e and y e can be rewritten as
where κ c =Û √ 
e +Û χ (y e , ψ e ) ψ e y e + χ 1 (ũ,ṽ) x e + χ 2 (ũ,ṽ) y e (35) and since the function χ (y e , ψ e ) ≤ χ c , then we havė
Noting that λ = min
> 0, we can obtaiṅ
where χ = x 2 e , y 2 e T . VOLUME 7, 2019 FIGURE 2. The visualization of the proposed path following control strategy.
As a result, there exists a class KL function δ KL (V ε (t 0 ), t) = e −λt V ε (t 0 ) and class K functions (x e (t), y e (t)) → ε x , ε y , for some small constant ε x and ε y is achieved.
Remark 4: The proposed HGO-LOS guidance law is composed of a high gain observer and a LOS guidance law, which is shown in Fig.2 . The high gain observer is first introduced into the LOS guidance to compensate the time-varying drift forces by estimating the velocities. This is different from the ILOS guidance law in [5] or the ALOS guidance law in [7] , where only the small and constant sideslip angle can be estimated and compensated. The HGO-LOS guidance law can estimate and compensate big and the time-varying sideslip induced by the unknown time-varying ocean environmental disturbances, thus the HGO-LOS guidance law produces a better path following performance for MSVs.
B. VELOCITY TRACKING CONTROL
In this subsection, adaptive RBF neural network dynamic surface control laws based on high-gain observer are developed to accomplish the path following for underactuated MSVs in the presence of input saturation, model uncertainties and ocean environmental disturbances. The model uncertainties and the ocean environmental disturbances are compensated by the adaptive RBF neural network, and the input saturation problem is solved by introducing an auxiliary system.
1) YAW VELOCITY CONTROLLER DESIGN FOR MSVS
Based on the velocities estimated by the high gain observer and the LOS guidance law designed above, considering the input saturation, the yaw rate controller with the approximation of RBF NN is designed to achieve heading tracking of the path following for underactuated MSVs.
Consider the heading tracking error (25) and define the yaw velocity tracking error variable r e = r − r d .
Step 1: It follows from (25) that the time derivative of heading tracking error ψ e is expressed aṡ
To stabilize the heading tracking error dynamic (39), design a virtual control law α r as
where the control parameter k ψ is a positive design constant. The DSC technology is employed here to avoid the problem of complexity explosion caused by the repeated differentiations of the virtual control laws. Let the virtual control α r pass through a first-order filter with a time constant k α as
Defining the output error of the filter (41) as r ef = r d − α r , we haveṙ
Thus, substituting (40) into (39), we obtain the derivative of ψ e asψ e = −k ψ ψ e + r e + r ef .
Step 2: Considering the yaw velocity tracking error r e = r −r d , it follows from (6) and (7) that the time derivative of r e can be got as An adaptive RBF neural network is employed to estimate the model uncertainties and unknown time-varying ocean environmental disturbances in the function f r (υ). We define υ ∈ R 3 andf r (υ) are the input vector and output of the RBF NN system, then the approximationf r (υ) of the optimal approximation f r (υ) is expressed aŝ
T ∈ R l r is the estimation of an unknown weight matrix with
T ∈ R l r are the radial basis function and l r is the node number of hidden neurons in the RBF NN.
Besides, for the convenience of constraint effect analysis of the input saturation, we introduce the following auxiliary system given by [33] 
where ζ r is the state of the auxiliary system, τ r = τ r − τ rc , k ζ r > 0 is a design parameter and δ r is small positive design parameter and τ rc is the control command to be designed latter. Considering RBF NN approximation and input saturation, the yaw control law can be designed as follow
where k r and k ra are the positive definite design parameters andŴ r (t) presents the estimation of the weight matrix W * r (t) and is updated bẏ
where σ r > 0 ∈ R, r 0 ∈ R l r ×l r . From above design, we have VOLUME 7, 2019 where
and C r := However, it is not easy to measure the state υ in practice. Next, we tackle the output feedback problem for vessels by using the high gain observer (12) . Now we revisit the control law (48) and adaptive law (49) for the full-state feedback case by replacing the unmeasurable state r e with its estimation r e :=r − α r , such that
Denoter e =r e − r e − r ef , taking the time derivative of V r along the closed loop trajectory and using the property r υ − r (υ) = sr [35] , where sr is the bounded parameter, and using the Young's inequalities: −k r m 33 Noting that the observer error satisfiesr 2 e ≤ 2 b 2 3 from the Theorem 1, it can be shown thaṫ 
where 
2) SURGE VELOCITY CONTROLLER FOR MSVS
The surge speed controller is designed as follows. Considering the surge velocity tracking error u e = u − u d , then it follows from (7) that
Similar to (47), we consider the following auxiliary systeṁ
where ζ u is the state of the auxiliary system, τ u = τ u − τ uc , k ζ u > 0 is a design parameter and δ u is small positive design parameter and τ uc is a control designed to be latter. Considering the RBFNN,, the surge velocity controller τ uc can be designed as follows
where k u and k ua are the positive definite design parameters andŴ u (t) presents the estimation of the weight matrix W * u (t) and is updated bẏ
From above design, we have
where |ε u | ≤ ε * u is the approximation error of RBF NN and
is the estimation error of the weight matrix.
Consider the Lyapunov function
it follows from (65) and (66) that the derivative of V u is got aṡ
Then, considering the auxiliary system (63) and using the Young's inequalities m 11 u e ε u ≤
, we havė
(69)
2 , the derivative of V u can be rewritten aṡ
2 . From (70), it is clear that the error signals are bounded under the action of full-state feedback surge control law (64) and adaptation law (65).
Similar to the yaw controller design, we tackle the output feedback problem for vessels by using the high gain observer (12) and revisit the control law (64) and adaptive law (65) for the full-state feedback case by replacing the unmeasurable state u e with its estimationû e :=û − u d , such that
Denoteũ e =û e − u e , taking the time derivative of V u along the closed loop trajectory and using the property u υ − u (υ) = su [35] , where su is the bounded parameter, and using the Young's inequalities: −k u m 11 
and C u := 
IV. STABILITY ANALYSIS
A visualization of the proposed path following strategy is shown in Fig.2 . Based on the high gain observer, a LOS guidance law with time-varying sideslip compensation and adaptive RBF neural network dynamic surface velocity control laws with input saturation form the path following control strategy for an underactuated MSV in the presence of unmeasured states, model uncertainties, unknown ocean environmental disturbances and input saturation. Theorem 3: Consider the closed-loop path following system of underactuated MSV model (6) and (7) in the presence of unmeasured states, model uncertainties, unknown ocean environmental disturbances and input saturation, suppose that the Assumption 1 and Assumption 2 are satisfied, the high gain observer (10), (11) and (12), the guidance law (22) , the control laws (56) and (71), the first-order filter (41), the adaptive update laws (57) and (72), together with auxiliary system(58) and (73). There exist appropriate design parame- 
where g * v = max {|−m 11 uvr + vτ wv (t)|}. Thus, the sway velocity is bounded.
Remark 6: The Theorem 3 indicates that the proposed control strategy for path following of MSVs can achieve control objectives of path following for underactuated MSVs. The proposed control strategy includes the HGO-LOS guidance law and the RBF NN dynamic surface velocity controllers with input saturation, which compensates the ocean environmental disturbances from the perspective of geometric kinematics and dynamics, achieving a better path following performance of MSVs.
V. CASE STUDY
In this section, we will provide a case study to validate the effectiveness and merits of theoretical results. The proposed path following strategy is tested on a monohull ship with one propeller and one rudder in [10] , and the MSV has the length of 38m, mass of 118 × 10 3 kg and the other parameters are given as m 11 To better illustrate the validity of the theoretical results, we consider the curve path following of MSV in the presence of unmeasured states, model uncertainties, unknown ocean environmental disturbances and input saturation. The desired path is generated by cubic spline algorithm in [34] and the path waypoints data base for line path is given in Table 1 , where the Wpts present the way points in the parameterized path. In this simulation, we choose seven waypoints Wpt0-Wpt6. The generated parameterized reference curve path between the starting pose wpt0 = (0m, 0m) and the end pose wpt6 = (1000m, 1000m) as plotted in Fig.3 
Remark 7:
The cubic spline algorithm for path generation leads a smooth path processing not only the continuous first derivative but also the continuous second derivative at the endpoints of the polynomials, which is suitable for practice applications for the path following of MSVs.
To better show the performance of the proposed control strategy, we compare the proposed HGO-LOS guidance law with the ILOS guidance law presented by Borhaug et al. in [5] for a MSV, and the integral parameter in the ILOS is chosen as l = 5, and dynamic surface controller is adopted as velocity controller. The proposed control laws in Theorem 3 are applied to achieve the path following for a MSV. Select the parameters of high gain observer as = 0.6,b 1 = 0.48, the guidance law parameters min = 50, max = 150, γ δ = 1, κ 1 = 0.5, the parameters of filter k α = 0.5, k ψ = 0.5, the parameters of the controller k r = 1, k u = 1.5 × 10 5 , the parameters of the input saturation auxiliary system k ζ r = 2.75 × 10 2 , k ζ u = 2. a large cross-track error. In practice, the MSV is exposed to the time-varying sideslip angle that is not compensated by the ILOS guidance law. The simulation results shown in Fig.3 , Fig.4 and Fig.5 illustrate that the proposed HGO-LOS guidance law can compensate the time-varying sideslip induced by time-varying ocean environmental disturbances that the ILOS guidance law cannot compensate, thus exhibiting better path following performance of MSVs. Compared with the ILOS, the HLOS guidance shows better path following performance of the MSV. Furthermore, the model uncertainties and disturbances are approximated and compensated by the RBF NN from the aspects of kinetics. The proposed control strategy for path following compensates the disturbances not only from the geometric kinematics point of view but also from the dynamics point of view.
The Fig.6 shows that the actual velocity values and the estimated values from the high-gain observer of the MSV, which illustrates that the high-gain observer can estimate the unmeasurable velocities of the MSV, and the estimation error is bounded. Then, the actual value and the estimated value of time-varying sideslip angle are shown in Fig.7 . In Fig.8 , the control force and torque with and without input saturation are shown, which indicates that the auxiliary system can better solve the input saturation problem caused by the constraints of the actual physical system.
The desired heading generated from the HGO-LOS guidance law and the actual heading of the MSV are depicted in Fig.9 , which shows that the designed yaw controller can track the desired heading angle accurately. The desired surge velocity and the actual velocity of the MSV are shown in The approximations of model uncertainties of the MSV and the unknown disturbances induced by ocean environment using the proposed adaptive RBF NN dynamic surface control laws are shown in Fig.10 , which illustrates that the adaptive RBF NN dynamic surface control approach is able to approximate the model uncertainties of the MSV and the unknown disturbances in the nonlinear function f r υ and f u υ by the adaptive update laws (57) and (72). 
VI. CONCLUSION
The path following problem of underactuated MSVs in marine practice has been addressed by this paper, three problems have been dealt with: guidance law, yaw controller and surge controller. A high-gain observer based LOS guidance law with time-varying sideslip angle compensation has been proposed to generate the desired heading of a MSV for the parameterized curve path following. Compared with the ILOS guidance, the proposed HGO-LOS can estimate and compensate the time-varying sideslip induced by the time-varying ocean environmental disturbances. Considering the input saturation, velocity controllers based on the DSC technology and the adaptive RBF neural network has been designed. Auxiliary systems are introduced to solve the input saturation problem, and the adaptive RBF neural networks are employed to compensate the model uncertainties and the unknown ocean disturbances. The stability analysis has shown that all errors signal in the closed-loop control system are proven to be uniformly ultimately bounded. The simulation results have shown that the proposed path following strategy can ensure that the MSV converges nicely to a parameterized curve path by compensating the ocean disturbances from the perspective of both the geometric kinematics and the dynamics, exhibiting better path following performance of the MSV.
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